Abstract-We propose a novel interference management framework for the cellular downlink through cooperative transmission. A sectored cellular network is studied where the interference is only due to sectors in neighboring cells and intra cell interference is ignored. We first explore the potential degrees of freedom (DoF) gain in a scenario where mobile receivers can be associated to any neighboring cell but no cooperative transmission is allowed. We show that the maximum achievable per user DoF for orthogonal schemes is between . On the other hand, if cooperative transmission is combined with flexible message assignment to the transmitters, we show that it is possible to achieve a per user DoF of . In addition, the proposed cooperative transmission scheme does not require extra backhaul capacity, as it uses a smart assignment of messages to transmitters to meet an average backhaul load constraint of one message per transmitter.
I. INTRODUCTION
Managing interference in cellular networks has emerged as a challenging and important task over the past decade. In this work, we explore, through the lens of the degrees of freedom (DoF) criterion, the potential gains of a new downlink interference management scheme. The proposed scheme relies on a flexible design of the cellular backhaul that takes into account the topology of the network to make decisions about associating mobile receivers to cells. We then augment the flexible backhaul design to include cooperative transmission, and show how DoF gains can be achieved without requiring extra backhaul capacity.
We study a cellular network model that was used in recent work [1] , and focus on the case where there is no interference between sectors of the same cell. The finite capacity of the backhaul link is modeled by two cooperation constraints M and B, to reflect the maximum and average transmit set size, respectively. The transmit set size is the number of transmitters at which a message is available. Coding schemes under the cooperation constraint B are more relevant in practical scenarios, as the transmit set size is allowed to vary across messages while maintaining an average backhaul load.
The DoF gain achieved by cooperative transmission using local message sharing was studied and characterized for Wyner's linear interference networks in [2] , [3] , [4] under the maximum transmit set size cooperation constraint. This was extended to linear networks with possible link erasures in [6] .
Flexible backhaul design for linear interference networks was considered in [5] , where it was shown that DoF gains can be achieved in large linear networks without requiring an increase in the average transmit set size. In this work, we are extending the work of [5] to cellular interference networks.
Cooperation between base station receivers in the uplink was considered in [1] . The cooperation between base station receivers is through the exchange of decoded messages over the backhaul link. It was shown that practical interference alignment schemes can achieve the optimal degrees of freedom in the uplink using cooperation between receivers. The advantage of the message passing framework of [1] is that it does not require analog signal sharing over the backhaul unlike traditional approaches for cooperative uplink reception.
Another approach for managing interference in the cellular downlink through cooperative transmission was introduced in [7] , where transmitting base stations cooperate by exchanging quantized dirty paper coded signals. However, implementing this approach can face practical challenges as each transmitter only gets its message after a series of preceding transmitters have encoded their messages; this will either require significant delay requirements or require coding over multiple time slots. Further, under this setting, the only way for messages to be delivered to transmitters through a centralized controller, is for the controller to be aware of channel state information.
It is finally worth mentioning that while the schemes of [7] and [1] are designed for multiple antenna systems and may require extra backhaul capacity to support the sharing of messages, the proposed scheme in this work is for single antenna systems and employs an assignment of messages to transmitters that maintains an average of one message per transmitter. We envision a novel paradigm where the message passing framework of [1] for the uplink is complemented by our proposed approach for the downlink.
We describe the considered system model in Section II. In Section III, we provide an example that motivates our study. We then explore the case of flexible cell association without cooperative transmission, where M = 1, in Section IV. The achievable schemes using cooperative transmission are presented in Section V. Finally, concluding remarks are provided in Section VI.
II. SYSTEM MODEL AND NOTATION
We consider a large sectored K user cellular network with three sectors per cell as shown in Figure 1(a) . We assume a local interference model, where the interference at each receiver is only due to the base stations in the neighboring sectors. Sectors belonging to the same cell do not interfere with each other. This is motivated by the fact that the interference power due to sectors in the same cell is usually far lower than the interference from out-of-cell users located in the sector's line of sight. Consider the above network with K users. The signal Y i at receiver i is given by
where X j denotes the signal transmitted by transmitter j under an average transmit power constraint, Z i denotes the additive white Gaussian noise at receiver i, H ij denotes the channel gain coefficient from transmitter j to receiver i, and N i denotes the set of interferers at receiver i (neighbors in interference graph). Channel state information is assumed to be available at all transmitters and receivers.
A. Interference graph
The cellular model is represented by an undirected interference graph G(V, E) shown in Figure 1 (b) where each vertex u ∈ V corresponds to a transmitter-receiver pair. For any node a, the transmitter, receiver and intended message corresponding to the node are denoted by T a , R a and W a . An edge e ∈ E between two vertices u, v ∈ V corresponds to interference between the transmit-receiver pairs i.e., transmitter at u causes interference at the receiver corresponding to v and vice-versa. The dotted lines denote interference between sectors that belong to the same cell and is ignored in our model. We consider only K−user networks where √ K is an integer, and nodes are numbered as in Figure 1 (b). In the figure, √ K = 6. Since we are studying the performance in the asymptotic limit of the number of users, we make this assumption on the value of √ K to simplify the analysis.
B. Message Assignment
Let [K] denote the set {1, 2, ..., K}. For any user i ∈ [K], W i denotes the message associated with user i and T i denotes the transmit set of W i i.e., T i contains the indices of all transmitters at which W i is available. A particular message assignment is denoted by {T i } i∈ [K] . We use message assignment strategies to define the transmit sets for a sequence of K user channels. For a particular message assignment, M denotes the maximum transmit set size and B denotes the average transmit set size,
C. Interference Avoidance Schemes
We consider in this work the class of interference avoidance schemes, where each message is either not transmitted or allocated one degree of freedom. For every user
D. Capacity and Degrees of Freedom
Let P be the average transmit power constraint at any transmitter, and let W i denotes the alphabet for W i . The rates R i (P ) = log|Wi| n are achievable if and only if the error probabilities of all messages can simultaneously be arbitrarily small for large n, using an interference avoidance scheme. The Degrees of Freedom (DoF) d i , ∀i ∈ [K] is defined as
DoF can be thought of as the number of interference free sessions that can be supported in a multi-user channel. If D denotes the closure of the set of all achievable DoF tuples, then η is defined as η = max
we define η(K, M ) and η avg (K, B) as the maximum achievable η over all possible message assignments satisfying the constraints (2) and (3) respectively. We define the following asymptotic quantities which capture how η scales with K.
III. EXAMPLE: TRADITIONAL INTERFERENCE MANAGEMENT
We start by exploring the limits of a traditional approach for managing interference in the considered model for cellular networks, even with no restriction to the considered class of interference avoidance schemes. Assume that each message W i , i ∈ [K] is assigned to the transmitter T i with the same index, and consider the numbering of nodes shown in Figure 1(b) . We show that the only uncertainty in recovering the remaining messages is due to the Gaussian noise, and hence, the degrees of freedom is bounded by the number of given messages, which for a general network, is
This shows that using a traditional approach for interference management, the maximum asymptotic per user DoF is 1 2 . Further, it can be shown that this DoF value can only be approached in the limit of the length of symbol extension, i.e., by coding over infinitely many time slots as in the asymptotic interference alignment scheme [8] . It can be shown that maximum achievable per user DoF using interference avoidance in this case is 
IV. FLEXIBLE CELL ASSOCIATION
Unlike the example in the previous section where each message has to be assigned to the transmitter with the same index, we explore in this section a flexible cell association approach. Each message can be assigned to only one transmitter, but this transmitter can be chosen as any transmitter connected to the message's desired destination. We formally study this scenario by imposing the maximum transmit size constraint M = 1. We characterize lower and upper bounds for the maximum achievable per user DoF. Note that in the case of M = 1, an interference avoidance scheme is just an orthogonal scheme (e.g., TDMA).
Theorem 1: The following bounds hold under restriction to orthogonal schemes for the asymptotic per user DoF as the number of users goes to infinity with flexible cell association and no cooperation,
Proof: Lower Bound: Notice that the network can be divided into disjoint fully connected triangles as shown in Figure 2 . In each triangle by deactivating two nodes (1 and 2 in Figure  2) , it is easy to see that a per user DoF of Upper Bound: Notice that the network can be divided into disjoint fully connected triangles as shown in Figure 2 . For any orthogonal coding scheme, we note that any fully connected triangle in the network is in one of the following states:
State 0 (inactive triangle): All transmitters and receivers in the triangle are inactive.
State 1 (self-serving triangle): Exactly one transmitter in the triangle sends message to exactly one receiver within the triangle. None of the other transmitters or receivers can be active in this triangle.
State 2 (serving triangle): At least one transmitter in the triangle is activated to serve a receiver in another triangle and there are no active receivers in the triangle.
State 3 (served triangle): At least one receiver in the triangle is activated as it is being served by a transmitter in another triangle and there are no active transmitters.
For the triangles in state 1 and state 0, the number of active receivers is bounded by the number of triangles, i.e., For every transmitter c that is active in a triangle S c in state 2, there exists a neighboring receiver b in a different triangle S b in state 3 that is being served by it and a neighboring node a in another different triangle S a , whose transmitter and receiver are both inactive. We now consider the following cases, Case 1: S a is in state 2 or 3. The remaining neighbors of a, b, c are the nodes in their own triangles. We now know that d a + d b + d c ≤ 1, because receivers R a and R c are inactive. Further, because none of the nodes a, b and c have other neighbors except in their own triangles, there is no overcounting when we repeat this procedure to obtain DoF bounds on other similar sets of users.
Case 2: S a is in state 1. Suppose in S a , there is a node a 2 which serves itself. Then there is another inactive node in S a which may form a group similar to a, b, c with its neighbors from different triangles, say b 1 , c 1 . We note that these two groups are disjoint. So among the seven nodes (S a ∪{b, c, b 1 , c 1 }), there are at most three active receivers. Suppose S a does not contain a self-serving node. Then a is the only node with inactive transmitter and receiver in S a , and among the five nodes (S a ∪{b, c}), we attain a sum DoF of at most two.
Case 3: S a is in state 0. Then in the set of the five nodes (S a ∪{b, c}), we attain a sum DoF of at most one.
For any scheme, the network can be rearranged into a combination of disjoint groups of three, five and seven users, and the per user DoF for each group is at most 
V. FLEXIBLE MESSAGE ASSIGNMENT WITH COOPERATION
We now show through the result in Theorem 2 how a smart choice for assigning messages to transmitters, aided by cooperative transmission, can achieve scalable DoF gains through an interference avoidance coding scheme. In particular, we show 
A. Lower Bounds
We first present the main result for the case of B = 1 that uses Lemmas 1 and 2, that we prove later in the section.
Theorem 2: Under the average backhaul constraint B = 1, the following lower bound holds for the per user DoF as number of users go to infinity,
Proof: Consider the message assignment strategy from Lemma 2 with B = 4 and τ ≥ . By combining a flexible backhaul design and cooperative transmission, we achieve a DoF value very close to 1 2 through simple interference avoidance.
We now present the schemes for B = Proof: Consider a division of the network into subnetworks of nine nodes as shown in Figure 3 . In each subnetwork, we have two blocks, one consisting of six nodes (nodes 1,4,5,7,8,9 in Figure 3 ) and the other consisting of three nodes (nodes 2,3,6 in Figure 3 ). Note that deactivating the nodes 2,3,6 eliminates interference between subnetworks. Hence we present a coding scheme for each subnetwork separately. We treat the triangular block of 6 nodes as a linear network shown in Figure 4 , T 2 = {1},T 3 = {1, 2},T 4 = {5},T 5 = {5, 6} and messages W 1 , W 6 are not sent. Transmitters T 3 , T 4 and receivers R 1 , R 6 are deactivated. Since the transmitters are aware of the channel state information, the messages W 2 , W 3 , W 4 , W 5 can be sent without any interference through Proof: We consider the same network division as before and consider each subnetwork separately. In the block of 6 nodes, if each message is available at all the transmitters then by the use of simple linear transmit beam forming, we obtain a sum DoF of 6 thus giving τ (M ) ≥ Similarly it can be shown that using little extra backhaul load, the We now present the following remarks on the result presented in this section.
Remark 1: Although we assume availability of all channel coefficients at every transmitter in the network, the schemes used to prove Theorem 2 require only local channel state information, i.e., each node need only be aware of the channel coefficients between itself and its neighbors.
Remark 2: In the proposed coding schemes some messages are being sent interference free at the expense of few messages not being transmitted. Fairness can be maintained in the allocation of the available DoF over all users through fractional reuse in a system by deactivating different sets of receivers in different sessions, e.g., in different time or frequency slots.
Remark 3: It can be verified that even if some of the interfering links are missing, the result of of Theorem 2 still holds. The insights obtained from the result of Theorem 2 are expected to hold even when some of the users in the considered cellular network are absent. As we are considering the average transmit set size constraint, allowing for a flexible backhaul design with cooperative transmission can still achieve significant DoF gains. This is because the backhaul resources corresponding to missing users can be used to facilitate the interference management for the remaining users.
B. Cooperative Transmission Upper Bound
We are considering for future work the problem of obtaining a converse for τ avg (B). In order to do so, we need upper bounds on τ (M ) for higher values of M . As a first step, we derive a bound on τ (M = 2) in Theorem 3. We first restate the following lemma from [4] for interference avoidance schemes. For a set S, let V S denote the set of indices for active receivers connected to transmitters with indices in S.
Lemma 3: For any message W i , the number of active receivers connected to at least one transmitter carrying the message is no greater than the number of transmitters carrying the message,
Theorem 3: If each message can be available at a maximum of two transmitters, then under restriction to interference avoidance schemes, the asymptotic per user DoF is bounded as
Proof: The interference graph can be divided into subnetwork containing 6 nodes as shown in Figure 5 (a). We show that among nodes 1,2,3,4,5 (in the Figure 5(b) ) in each subnetwork, at most 4 degrees of freedom can be achieved and hence in each subnetwork, a DoF of at most 5 can be achieved. We consider the following two scenarios. Case 1: One of the transmitters {T 1 , T 2 , T 3 , T 5 , T 6 } is active. Each transmitter in the set is connected to at least 3 receivers and |V Ti | ≤ 2 for lemma 3 to hold, at least one of the receivers must be deactivated.
Case 2: None of {T 1 , T 2 , T 3 , T 5 , T 6 } is active. Then the message W 2 cannot be transmitted to R 2 .
Hence in all cases sum DoF in each subnetwork is at most 5 and hence τ (2) ≤ 5 6 asymptotically.
VI. CONCLUSION
We extended previous results for linear interference networks by studying the potential gains offered by cooperative transmission on the downlink of a cellular network with a flexible backhaul design. We showed that one shot linear beamforming schemes can be used to achieve degrees of freedom gains in large networks. The proposed schemes rely on cooperative transmission through an assignment of messages to transmitters that does not require extra backhaul capacity. We believe that the insights drawn from this work can lead to a novel design for interference management schemes for the cellular downlink. The results derived in this work can be extended to other two dimensional networks, as is the case where intra-cell interference is included (see Fig 1 (b) ).
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